IMPORTANCE Thyroid cancer generally grows at a very slow rate in adults, and overdiagnosis is a global issue. However, the detection of early-stage thyroid cancer by screening is not well described in young patients. To prevent overdiagnosis, it is essential to understand the natural course of thyroid cancer growth detection by ultrasonography screening in young patients.
T he technology of early cancer detection has progressed with new developments in imaging and biomarkers. Early diagnosis has improved the prognosis of several cancers but has also resulted in overdiagnosis of some cancers during screening, especially thyroid, breast, and prostate cancers. [1] [2] [3] One reason for this problem is that the natural history of early cancer is not well known regarding whether it will develop to life-threatening clinical cancer. 1 The incidence of thyroid cancer, a predominantly small papillary carcinoma, has increased significantly in recent decades, although thyroid cancer-related mortality rates have not changed substantially. 4 In autopsy studies, a markedly high prevalence of papillary thyroid cancer has been observed compared with the expected number of thyroid cancers in cancer registries, and this thyroid cancer includes tumors larger than microcarcinomas. 5, 6 Furthermore, the prevalence of these latent thyroid cancers in patients of early middle age is as high as that found in older patients, suggesting that many latent thyroid cancers progress to a detectable level from young to early middle age.
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In South Korea, the incidence of thyroid cancer in 2011 was 15 times higher than that in 1993 before thyroid ultrasonography screening started. 8 Active surveillance of adult papillary thyroid microcarcinoma (≤10 mm) in Japan since approximately 1993 has shown that more than 90% of papillary thyroid microcarcinomas do not increase in size during an average observation period. 9, 10 Other ultrasonography studies have also revealed no significant growth of differentiated papillary cancer during observation. 11, 12 These data suggest that many differentiated papillary thyroid carcinomas in adults are virtually in growth arrest, although they proliferate before reaching a certain size. Welch and Black 1 reviewed the heterogeneity of cancer progression and reported that some cancers grow very slowly or do not progress beyond a certain size, thus remaining asymptomatic. This finding differs from the ordinary near-exponential growth model and short doubling time of many other cancers ( Figure 1A) . [13] [14] [15] [16] It is possible that many thyroid cancers that are not in the advanced stage, including both microcarcinomas and larger cancers, grow to a certain size in younger individuals and subsequently enter growth arrest ( Figure 1B) . In response to the Fukushima Daiichi Nuclear Power Plant accident that occurred on March 11, 2011, thyroid ultrasonographic examinations within the Fukushima Health Management Survey were conducted among children and young adults. 17 The preliminary baseline survey from fiscal years 2011 to 2013 evaluated data before the period in which slight radiation effects on the thyroid gland might occur. 18 In total, 116 individuals were diagnosed with malignant or suspected malignant tumors in this preliminary baseline survey, exceeding the cancer registry data in Japan. [19] [20] [21] To understand the natural progression of thyroid cancer in young patients, we examined changes in the diameter of malignant or suspected malignant thyroid tumors among individuals from the Fukushima Health Management Survey between the screening and confirmatory examinations and analyzed the growth pattern of thyroid cancer in young patients.
Methods

Thyroid Ultrasound Examination in the Fukushima Health Management Survey
The thyroid examination program consisted of 2 stages. In the screening examination, participants with nodules larger than 5.0 mm in diameter were primarily screened using ultrasonography equipment. In the confirmatory examination, fine-needle aspiration cytology was performed only when necessary according to the Japanese guideline for adult thyroid nodules to confirm the pathologic diagnosis in addition to ultrasonographic examination and blood tests. 18, 19, 22 These examinations were then repeated every 2 to 5 years. The first-round Thyroid Ultrasound Examination (preliminary baseline survey) was intended to capture baseline data prior to the period during which the radiation effects on the thyroid gland were assumed to become apparent. The survey included approximately 360 000 children 18 years or younger at the time of the accident, with a participation rate of 81.7% as of March 31, 2016 . 19 A total of 2086 participants underwent a confirmatory examination. Of these patients, 116 were diagnosed with malignant or suspected malignant thyroid tumors 17 and enrolled in the present study. The study was conducted from March 1, 2016, to August 6, 2017, at Fukushima Medical University, Fukushima, Japan. 
Key Points
Question What is the growth curve of thyroid cancer found by ultrasonography screening among children and young adults?
Findings In this observational study, thyroid cancer in young patients screened by ultrasonography after a nuclear accident in Fukushima, Japan, did not grow linearly and fell into a growth arrest pattern after the initial proliferative phase.
Meaning It is important to avoid overdiagnosis and overtreatment to monitor the natural course of suspected noninvasive thyroid cancer in young patients without immediate diagnosis.
The study was approved by the Fukushima Medical University Ethics Committee. Participants or their guardians provided written consent, and they did not receive financial compensation.
Measurement and Analysis of Thyroid Cancers
The maximum tumor diameter was measured on the same comparable cross section that was selected by 2 endocrinologists (S.M. and A.O.) in agreement. The mean diameter was calculated from tumor diameter measured by 2 experienced medical technologists independently in both the screening and confirmatory examinations. Changes in diameter were calculated by subtracting the comparable maximum diameter at the confirmatory examination from that at the screening examination. The change in diameter per year was estimated by dividing the change in diameter by the number of observation periods. The percentage change was calculated from dividing changes in diameter by the diameter at the screening examination. The 116 patients with a thyroid cancer diagnosis or suspicion of having thyroid cancer were classified into 3 groups: group 1, more than 10% reduction in diameter; group 2, -10% to +10% change in diameter; and group 3, more than 10% increase in diameter. These thresholds were chosen because previous studies revealed that any ultrasonographymeasured differences of less than 7.3% in diameter should not be considered as a real change in size. 23 
Tumor Growth Models
Tumor growth models were developed to evaluate the tumor growth rate. Fujita 24 suggested that tumor cell numbers show exponential growth until a growth arrest pattern occurs and can be explained by the number of years since development of the tumor. In this study, we assumed that tumor cell numbers were proportional to the tumor volume, and the tumor volume was proportional to the cube of the tumor diameter. The tumor growth rate can be described as follows:
where Y is the tumor diameter (millimeters), X is the number of years since development of the tumor (year), a is the coefficient of growth (year −1 ), and b is log 10 Y 3 at X = 0.
From the above equation, the observations at the screening and confirmatory examinations can be explained as follows:
where T is the observation period (X 2 − X 1 ) (year) and 1 and 2 represent the screening and confirmatory examinations, respectively.
Statistical Analysis
The χ 2 test or Kruskal-Wallis and Dunn-Bonferroni post hoc tests were used to assess age and tumor diameter at the screening examination; sex; observation period; percentage change in tumor diameter; tumor volume change; coefficient of growth; ultrasonographic findings, such as microcalcifications, irregularity of surface, and heterogeneity of echogenicity; and serum levels of thyrotropin and thyroglobulin among the 3 groups. Pearson correlation coefficient R was used for testing between observation periods and for the percentage change in tumor diameter or tumor volume change to investigate whether tumor growth can be explained by only the linear semilogarithmic progression pattern, following Eq. 2. Spearman correlation coefficient ρ was tested between the age and the percentage change in tumor diameter or tumor volume change and between the coefficient of growth and the tumor diameter at the screening examination to investigate which growth pattern fit ( Figure 1 ). The 95% CIs of correlation coefficients were estimated by using Fisher z-transformation. For separate estimation of the growth rate in a linear semilogarithmic progression pattern and a growth arrest pattern, the data were divided into 2 groups according to the threshold tumor diameter Y T in the screening examination. The growth rate in both patterns and Y T were estimated using the least-squares method. Furthermore, the mean tumor volume (log 10 Y 3 ) in the growth arrest pattern in the patients whose tumor diameters exceeded Y T was regarded as the representative tumor volume at the growth arrest point (log 10 Y AP 3 ) because the coefficient of growth in the growth arrest pattern was almost zero.
The mean period from the time point at which the tumor measured 5 mm in diameter to the growth arrest point was then estimated. The value of 5 mm was used as the minimum clinically observed tumor diameter because the screening criterion was set at a tumor diameter of more than 5 mm. 18 In addition, 95% CIs were estimated by Monte Carlo simulation using commercially available software (Crystal Ball, version 11.1.2.3.500; Oracle). The arithmetic means and sample SEs of the coefficients of growth and log 10 Y AP 3 were used as input in the simulation, assuming that the data followed a normal distribution. The simulation was performed 100 000 times. Data were analyzed using JMP, version 12 (SAS Institute Japan) or SPSS, version 22 (IBM Corp).
Results
The mean age of the 116 patients (39 male, 77 female) was 16.9 (median, 17.5) years, and the mean observation period between the screening and confirmatory examinations was 0.488 years (median, 0.461; range, 0.077-1.632 years). The mean tumor diameters in the screening and confirmatory examinations were 13.5 (median, 11.1) mm and 14.2 (median, 11.6) mm, respectively. There was no significant correlation between age and tumor diameter. Figure 2 Group analysis showed no significant differences in age; sex; observation period; tumor diameter; ultrasonographic findings, such as microcalcifications, irregularity of surface, and heterogeneity of echogenicity; and serum levels of thyrotropin and thyroglobulin among group 1 (reduced diameter), group 2 (no change in diameter), and group 3 (increased diameter) (Table) . However, significant differences were observed in the changes in diameter, percentage change, and change per year between all pairs.
To further analyze the tumor growth pattern, we compared the coefficient of growth with the tumor diameter. As shown in Figure 4A , the coefficient of growth was significantly and negatively correlated with the tumor diameter (Spearman ρ = -0.183; 95% CI, −0.354 to −0.001), suggesting a reduction of the growth rate with time.
The data were statistically divided into 2 groups according to tumor size (small and large) by using the least-squares method as described in the Statistical Analysis section. The estimated threshold tumor diameter Y T in the screening examination was calculated to be 12.4 mm. The coefficient of growth was 0.220 (95% CI, 0.097 to 0.343) year −1 in the small tumor group (n = 69) (significantly higher than zero), and the diameter was less than 12.4 mm in the screening examination. In contrast, the coefficient of growth was almost zero (0.010; 95% CI, -0.088 to 0.108) year −1 in the large tumor group (n = 47), and the diameter was larger than 12.4 mm in the screening examination. The representative tumor volume in the large tumor group was 3.86 (range, 3.72-4.00). We then estimated the mean change in tumor growth ( Figure 4B ). The mean number of years during which the tumor grew from a diameter of 5 mm to the growth arrest point was estimated by Monte Carlo simulation using the coefficients of growth and the representative tumor volume at the growth arrest point described above. The mean number of years was calculated to be 8.0 (range, 5.1-17.6) years.
Discussion
The natural progression of cancer varies according to the type of malignancy. Some cancers progress rapidly, including most types of leukemia and sarcoma, while others show relatively slow progression. Some cancers may even exhibit shrinking or senescence. [25] [26] [27] In 1978, Fujita 24 summarized the natural progression of early gastric cancer from pathologic studies. The study found that gastric cancer grows relatively rapidly in the initial phase but then remains as a localized-stage cancer for a prolonged time without further growth in most cases (ie, very slow growth or virtual growth arrest). The duration of this very slow growth or virtual growth arrest is reportedly 14 to 21 years, 24 and advanced gastric cancer subsequently reproliferates after this phase. Although the molecular carcinogenic mechanism of gastric cancer differs from that of papillary thyroid carcinoma, this model of the natural progression of cancer appears to be similar among various types of cancer and does not appear to follow a model in which semilogarithmic proliferation persists from the onset. From these considerations, we hypothesized 2 patterns of thyroid cancer progression in young patients: linear semilogarithmic progression (exponential cell growth) and virtual growth arrest (relatively rapid growth in the initial phase with subsequent growth arrest) as shown in Figure 1 . The expected outcomes of the 2 patterns are summarized as follows. First, the linear semilogarithmic progression pattern seems to show a positive correlation between age and tumor volume, but the growth arrest pattern does not. Second, a positive correlation is considered to exist between the tumor volume change and examination period in the linear semilogarithmic progression pattern, while the growth arrest pattern shows no such correlation. Third, if we assume that the hypothesis of the linear progression pattern is correct, the coefficients of growth are constant irrespective of the tumor diameter. However, for occurrence of the growth arrest pattern, the coefficients of growth decrease as the tumor diameter increases.
We demonstrated that 76% of thyroid cancers or suspected cancers did not increase in diameter during each observation period. No correlation was observed between age and tumor diameter, change in tumor diameter and observation period, or age and percentage change, supporting the growth arrest pattern hypothesis. Although Group 3 comprised 24% of thyroid cancers, the coefficient of growth significantly decreased as the tumor diameter increased. The coefficient of growth in the small tumor diameter group was significantly higher than zero, whereas it was almost zero in the large tumor diameter group; this finding suggests that more tumors in group 3 were in the initial phase than in groups 1 and 2. All of these results support the occurrence of a growth arrest pattern rather than only a linear semilogarithmic progression pattern.
According to the data regarding active surveillance without immediate surgery in Japan, papillary thyroid microcarcinomas in younger patients (<40 years) have a relatively higher tumor growth rate than in older patients (>60 years). 28 Some reports have suggested that thyroid cancer in children exhibits relatively more aggressive behavior despite its better prognosis. 29 However, some of these observations might also be made at the beginning of the growth phase, prior to the growth arrest phase in young patients.
In the present study, many thyroid cancers that were screened by ultrasonography did not grow linearly and instead entered growth arrest, even in young patients. Furthermore, the mean duration during which the tumor grew from a diameter of 5 mm to the growth arrest point was 8.0 (range, 5.1-17.6) years. Recent studies of active surveillance in adults in Japan have revealed that more than 90% of papillary thyroid microcarcinomas do not increase in size during an average observation period.
9,10 These findings may be beneficial when considering treatment, including active surveillance of thyroid cancer incidentally discovered by ultrasonographic examination at a young age. Furthermore, these findings help to determine how to manage various cancers for which overdiagnosis is a global problem. However, observation of the clinical course of cancer, including thyroid cancer, as an active surveillance protocol for a prolonged period may lead to a negative risk perception of the disease [30] [31] [32] [33] and a psychological burden for children and young adults and their families. 34 This issue may be difficult to resolve by active surveillance alone for thyroid cancers diagnosed by screening following a nuclear accident.
35,36
Limitations
There were some limitations to this study. First, the observation period was short (mean, 0.488 years). Although most thyroid cancers showed slow growth with linear semilogarithmic progression, cancers with this slower progression might have been erroneously classified into group 2 (no change in diameter). Second, we evaluated the tumor diameter as a measure of tumor progression; we were unable to measure the tumors in 3 dimensions because only comparable 2-dimensional images were available. Changes in tumor diameter do not accurately reflect changes in tumor volume or tumor cell proliferation. Third, not all 116 patients with cancer or suspected cancer in this study underwent surgery; the final pathologic diagnosis was obtained only in the 102 surgical patients (papillary thyroid cancer, 100; poorly differentiated cancer, 1; and benign, 1). 19 A pathologic diagnosis in the remaining 14 patients who did not undergo surgery was therefore not obtained. Finally, 6% of the tumors showed a greater than 10% reduction in tumor diameter in this study. O'Kane et al 37 performed a Ukraine-American cohort study and found that the size of more than half of the tumors decreased during a 2-to 8-year observation period and that the change in tumor size was not different between benign nodules and papillary thyroid carcinomas in young patients. If the rate of tumor shrinkage increases with longer observation periods, the analysis results may differ from the present results.
Conclusions
Thyroid cancers that are screened by ultrasonography might not be progressive in many children and young adults. Clinical background factors, such as age, sex, and tumor diameter at the time of cancer discovery, might not be associated with the progression of the tumor. However, the natural progression of thyroid cancer in young patients remains relatively unknown; therefore, the present study may be beneficial when considering the most appropriate follow-up actions for thyroid nodules, including cancers discovered incidentally or by screening in children and young adults.
